A model has been proposed that represents the compressive fragmentation phenomenon and can evaluate the interfacial shear strength without recourse to complicated stress transfer models. The temperature dependence of the interfacial shear strength is investigated for carbon fibre-polycarbonate microcomposites and the values obtained are applicable to a system that has weak interfacial bonding.
Introduction
The mechanical properties of composite materials are sensitrve to the material parameters of the matrix and reinforcement as well as the structure and properties of the interface. In polymer matrix composites there are numerous variables which affect the properties of the interface (bonding, surface treatments, friction etc.) and determine the efficiency of stress transfer from the matrix to the fibres. The tensile fragmentation test, employing a single fibre composite, has been of interest to many research groups as this relatively simple test can yield quantitative information on the fibre strength distribution and the shear strength of the fibre-matrix interface. As fragment length saturation is achieved, where interfacial stresses are no longer capable of inducing further rupture of the fibre fragments, a critical fibre length can be defined which one would like to relate to the mechanical properties of the interface. For this, the mechanism of load transfer from the matrix to the fibre must be known as mathematical representation of the stress in the fibre along the length of the fibre is required to determine the magnitude of the shear stresses and subsequently evaluate the interfacial shear strength. Hence, in order to accurately interpret the fragmentation test it is necessary to appreciate the assumptions and limitations of the stress transfer models.
In this letter we present the experimental evidence that led to a recently proposed model of the stress profile in compressive fragmentation tests, which can evaluate the interfacial shear strength without having to assume a stress transfer mechanism [l l.The principles of the compressive fragmentation technique are fundamentally the same as any fragmentation test. As shown here the compressive stresses can be generated by thermal stresses that are utilised to measure single fibre compressive strengths, Weibull parameters and interfacial shear strengths in one continuous test.
Experimental
High modulus pitch-based carbon fibres were used (PRD-172 from E.!. du Pont de Nemours, Inc.) and the matrix was an unmodified bisphenol-A-polycarbonate (Axxis, DSM). Single fibre composites were produced by carefully placing one or two carbon fibres between thin sheets of polycarbonate. The specimens were sandwiched between Kapton polyimide films (du Pont). The equipment comprised a Nikon stereoscope equipped with a Mettler FP82 hot-stage in which the specimen was inserted. The temperature of the hot-stage was increased to SOOK for 20 minutes which ensured that the polycarbonate completely flowed around the fibres (this also allowed any entrapped bubbles to dissolve or escape). The hot-stage was then cooled at a rate of 2K/min during which the fibres were monitored using xl00 and x400 magnifications and polarised light. Temperatures below room temperature were achieved by passing nitrogen gas from a liquid nitrogen dewar flask through the hot-stage. Although the aperture of the hot-stage was only 2mm, the specimen was placed on a movable stage which enabled a 6-7mm fibre length to be monitored. The number of fragments was counted over the sample gauge length using an optical scale and the corresponding temperature to attain this length was recorded. Figure 1 presents an optical micrograph of the compressive fragmentation process, where the fibre breaks can be identified by the light fringes. The thermal fragmentation test can be regarded as a multiple compressive test with samples of varying length [2] . The stress to attain a fragment length L is related to the temperature difference between the stress-free temperature and that which yielded the fragment length.
Results
Thus, the compressive strength (jf(Li) of each fibre fragment L] can be determined directly. As the stress is increased (temperature decreased) the average fragment length initially decreases linearly on the weakest linkIWeibull plot and then begins to level off as the stress is increased further (figure 2). The initial linearity of the plot indicates that the weakest link theorem and Weibull statistics are appropriate with the slope giving the negative of the Weibull shape parameter according to [3] ,
(1) Figure 1 : A high modulus pitch-based carbon fibre in polycarbonate. Cooling to room temperature was sufficient to fracture the fibre into many fragments.
Analysis and Discussion
At this point it would seem appropriate to ascribe the deviation from linearity in fi~1!re 2 to interfacial failure and evaluate the interfacial shear strength from one of the traditional stress transfer models. However, a close examination of the breaks, as in figure 3 , reveals that in compression, unlike in tension, the fibre fragments remain in contact and can still bear a compressive load. The new compressive stress profile is presented in figure 4 and is described as follows:
i) The original stress profile (which may be represented by a model such as the Kelly-Tyson analysis) along the fibre is completely unchanged by the break because to a first approximation the compressive stress can be transferred perfectly across the break from one fibre fragment to the other. As the compressive stress on the fibre is increased further, the fibre will fail again at a stress corresponding to the compressive strength of the new fragment length, in accordance with the strength-length dependence (equation 1). The stress transfer length Lt increases concomitantly at both fibre ends, along which the stress in the fibre increases with a constant slope (shear stress).
ii) The fibre will continue to break as the applied strain to the composite is increased until the interface can not transfer sufficient stress from the matrix to the fibre to fail the fibre again. The average fragment length at this point is related to the strength of the interface, however, unlike in the tensile fragmentation, it is unrelated to a critical length as defined by the traditional load transfer models. Because the interface can not transfer enough stress to cause the fibre to fail again, an increase in the applied strain on the system will not result in an increase in the stress on the fibre and hence the fragment length will remain constant. The mathematical representation of the compressive profile considers a fibre of reasonable length embedded in a matrix and neglects the fibre ends for reasons described in the following:
As the longitudinal strain on the fibre is equal to the strain on the matrix, the stress on the matrix crm required to attain a fibre of length Lis, (2) where Em and Ef are the compressive moduli of the matrix and fibre, respectively. Because the average fragment length is unrelated to the stress transfer length, the shear strength can not be calculated from the fragmentation statistics. Instead, the shear stress that operates along the stress transfer length can be calculated from the compressive stress in the matrix (equation 2) as approximated from the von Mises criterion (1: =13 ) to give, 
In either case a knowledge of the stress transfer length Lt is not required. The deviation from linearity in figure 2 is the point where the interface can not transfer sufficient stress to fail the fibre again. If the efficiency of stress transfer did not diminish the linear relation would be obeyed until the matrix failed (yielding or fracture) or hypothetically it would remain linear until the fragment length was so small that the theoretical compressive strength of the fibre was attained. So, the interfacial shear strength is independent of the fragment length insofar as traditional stress transfer models are concerned (apart from very near the fibre ends) but is related to the fragment length due to the length dependence of the compressive strength.
To test the model, the temperature dependence of the interfacial shear strength was investigated [1] . Figure 5 shows It can be seen that the interfacial shear strength increases as the temperature decreases with a room temperature value of lOMPa in agreement with literature values [4] .
Although the factors which contribute to the magnitude of the interfacial shear strengths will be presented elsewhere, it is apparent that the values are low, i.e. chemical bonding is minimal and friction will dominate the interaction between fibre and matrix. The experimental data and its interpretation indicates that the fibre fails initially when the stress in the fibre surpasses the compressive strength of the fragment until the interface can not transfer enough stress to break the fibre again. As the temperature is decreased the interfacial shear strength (which has a frictional component) increases due to the increasing radial stress and it is the strength of the interface that now dictates whether the fibre will fail again.
